TNA (α-L-(3′-2′)-threofuranosyl nucleic acid) is an alternative genetic polymer in which the natural ribose sugar found in RNA has been replaced with an unnatural four-carbon sugar of α-L-threose (Scheme 1a).
[1] Despite a backbone repeat unit that is one atom shorter than that found in DNA and RNA, TNA is capable of adopting stable Watson-Crick duplex structures with itself and with complementary strands of DNA and RNA. [1a, 2] The ability to exchange genetic information with RNA has raised significant interest in TNA as an RNA progenitor during the early stages of life on Earth. [3] Relative to natural DNA and RNA, TNA has a sugarphosphate backbone composed of quasi trans-diaxial 3′-2′ phosphodiester linkages, which places the phosphate groups in distinct relative positions.
[4] Crystallographic analysis of Band A-form duplexes with a single TNA nucleotide inserted into an otherwise natural DNA strand yielded only minor effects on the duplex geometries, base-pair stacking interactions, and the sugar puckers of neighboring native nucleotides. [5] , [6] In both structures, the threose sugar adopts a C4′-exo-pucker with a trans-diaxial orientation of the 3′-and 2′-substituents. The preference for this sugar conformation, irrespective of the A-or B-form geometry, suggests that TNA has a limited range of sugar conformations that are compatible with Watson-Crick base pairing. Previous studies have shown that sequence can have dramatic effects on homo-and heteroduplex stability of both natural and artificial genetic polymers. [7] As a result, in this study we focus on a single duplex sequence and examine the structural properties and Watson-Crick base pairing dynamics of a model palindromic decamer sequence (Scheme 1b) constructed as DNA/TNA and RNA/TNA heteroduplexes. The bottom strands of the chimeric duplexes are composed of TNA. The TNA strand was generated by solidphase synthesis using chemically synthesized TNA phosphoramidites. [8] Equivalent DNA and RNA homoduplexes were prepared and studied as a direct comparison to standard Band A-form helices, respectively. 1D 1 H NMR spectra of the homo-and heteroduplexes indicate that all four helices form standard Watson-Crick interactions as identified from the chemical shift and dispersion of the imino proton resonances (12-14 ppm, Figure S1 ). At low temperature, each decamer has eight sharp imino proton resonances, representative of stable duplexes with fraying exclusively at the terminal bases. Imino proton NMR spectra of the DNA and RNA helices between 5 and 50 °C ( Figure  S2 ) indicate that the DNA structures have lower thermal stability than the RNA structures. Consistent with the NMR data, UV spectroscopy thermal denaturation curves yielded melting temperature (Tm) values that are ~10 °C lower for the DNA/TNA and DNA/DNA duplexes, compared to the RNA/TNA and the RNA/RNA duplexes, respectively ( Figure  1a ). Thermal denaturation studies show that each chimeric duplex is similar in stability to its corresponding homoduplex (Figure 1a ). This observation is consistent with previous analyses performed on mixed-sequence TNA/RNA and TNA/DNA hetero-and homoduplexes. [1a] Moreover, the Tm values observed by UV spectroscopy melting are partially reflected by the thermodynamic parameters obtained by isothermal titration calorimetry (ITC, Table 1 , and Figure S3 ). The ITC results indicate that all duplexes have similar association stabilities with an average ΔG of -43 ± 3 kJ/mol. However, the dissociation constants (KD) differ significantly between the duplexes (Table 1) . While KD values of the double stranded DNA (15 nM), RNA (12 nM) and RNA/TNA (45 nM) duplexes are all in the low nanomolar range, the KD of the DNA/TNA heteroduplex is clearly higher (135 nM), suggesting that a modest degree of structural incompatibility or increased dynamics exists within DNA/TNA heteroduplex. CD spectra also reveal the existence of conformational differences between the homo-and heteroduplexes ( Figure  1b ). As expected, the CD spectrum from DNA/DNA is typical of a standard B-form helix, with low mean residue molar ellipticity (Δε) arising from lower chirality of the perpendicularly oriented base pairs, a positive peak at 275 nm and a negative peak at 245 nm. The CD spectrum of RNA/RNA is consistent with an A-form helix with a positive peak at 260 nm and a negative peak near 210 nm. Compared to the natural duplexes, both the DNA/TNA and RNA/TNA heteroduplexes exhibit Δε values comparable to double stranded RNA with maxima near 270 nm, minima at 245 nm, and strong negative bands near 210 nm, consistent with an A-form conformation and suggestive that TNA prefers an RNA-like helical form. NMR-detected imino protons are very sensitive to nucleic acid secondary structure. [9] To further evaluate the helical nature of TNA heteroduplexes, we recorded 1 H-1 H NOESY spectra for each construct in aqueous buffer at 15 °C and assigned the imino proton resonances ( Figure 2a ). As expected, imino protons for terminal base pairs of C1-G20 and C10-G11 were not observed due to their rapid exchange with water. However, all other imino protons were clearly identified. Consistent with their respective helical geometries, standard A-form RNA and B-form DNA duplexes yield imino NOE cross-peaks with high and low peak intensities, respectively. In agreement with the CD analysis, the NMR imino regions of the RNA/TNA, and DNA/TNA duplex spectra are similar to the A-form RNA/RNA duplex ( Figure 2a ). This result is most easily observed by comparing the G3-T(U)4 and T(U)7-G8 NOESY cross peaks. Estimated sequential imino distances for the G3-T(U)4 and T(U)7-G8 bases in a 5′-3′ direction were calculated from NOE cross-peak intensities under the initial rate approximation [10] (see Supporting Information). As expected, the distances are consistent with the DNA/DNA duplex having a Bform helix. The RNA/RNA, RNA/TNA and DNA/TNA duplex distances are consistent with A-like helical geometries (Figure 2a) . [9] Taken together, these data indicate that TNA templates heteroduplex structures to form A-like helices. To better understand the stability and dynamics of the TNA heteroduplexes, we measured the rate of single base pair breathing events by NMR. Breathing motions in nucleic acid polymers are accompanied by the exchange of base imino hydrogens with water protons present in the aqueous surrounding. [11] We measured and analyzed imino proton solvent exchange rate constants (kex) and estimated the individual base pair stability in each of the four duplexes using solvent-exchange-based NMR methods (Figures 3a  and S4 ). [12] The directionality of each duplex was assigned from 1 H-1 H NOESY anomeric-aromatic proton walks and directional H1′-H6/H8 correlations.
[13]
Single base pair stability analysis was performed for base pairs C2-G19 through C9-G12. Terminal kex values were lower for RNA self-pairing and cross-pairing with TNA as compared to DNA self-pairing and cross-pairing with TNA (Figure 3a) . Fraying of the bases in the RNA duplexes is limited to the terminal base pairs of C1-G20 and C10-G11 and the kex values are uniformly low throughout the sequence with a slight increase in variability for the RNA/TNA duplex. With the exception of the penultimate base pairs, the DNA/DNA homoduplex also exhibits generally low flexibility in the core of the duplex structure with kex rates comparable to those observed for the RNA/RNA duplex. However, the penultimate base pair exchange rates rise symmetrically (~5-fold) over those observed in the core of the helix, consistent with symmetric, elevated motions at the duplex ends.
Base pair kinetics in the DNA/TNA heteroduplex revealed a previously uncharacterized asymmetric terminal exchange that is ~20-times faster kex (C2-G19) at the 5′/2′ end of the helix than the rest of the helix, where kex values remained low and comparable to rates observed in the other constructs. Fraying at the 3′/3′ end was again limited solely to the terminal base pair. Differences in the intramolecular dynamics of the DNA/DNA and DNA/TNA were also observed at the duplex level as differences in translational diffusion rates, measured by NMR, with the DNA/TNA diffusing slower (Figure S5) . The strong terminal fraying of DNA/DNA and DNA/TNA may explain the observed differences in thermal stability between them and the RNA homoduplex and heteroduplex with TNA. Surprisingly the TNA/DNA duplex forms a dynamic, non-symmetric duplex structure in solution. The experiments were recorded at buffer concentrations that allow multiple closing and opening base-pair events prior to imino proton exchange (EX2 regime). This indicates that the asymmetric distribution of DNA/TNA kex values arise primarily from increased flexibility of the 5′/2′ end of the DNA/TNA heteroduplex. The lack of one carbon per residue in the threose-linked strand presumably causes TNA to exhibit increased backbone rigidity relative to the natural ribosebased backbones. Our data suggests that unlike RNA, DNA may be facing the limits of its structural variability when paired with TNA. This hypothesis is rooted in the phosphate group pitch differences of DNA (~6.8 Å), RNA (~6.0 Å) and TNA (~5.7 Å) caused by the sugar pucker. The high entropic costs for pucker adaptation will increase with oligonucleotide length, potentially explaining the elevated KD of the DNA/TNA duplex formation and limiting the duplex formation to relatively short polymers.
To investigate asymmetric base pair breathing in the DNA/TNA heteroduplex, we measured the individual base pair imino proton exchange rates as a function of temperature (Figure 3b) . [14] As expected, kex (C2-G19) increased with temperature until reaching a detection limit (asymptote) at 25 °C. By comparison, exchange rates of other base pairs followed a much slower temperature-dependent exponential curve, reaching their detection limits at ≥40 °C. By fitting the temperature dependent kex (see Supporting Information, Equation 6), we extracted the enthalpy (ΔHDiss) and entropy (ΔSDiss) of single base pair dissociations in the DNA/TNA duplex. The Gibbs free energy of the process (ΔGDiss) was calculated according to the Gibbs-Helmholtz equation (Table  2) . The measured DNA/TNA heteroduplex thermodynamic values for single base-pair breathing events are similar to previously reported values from DNA and RNA duplexes, stem regions of RNA loops [14] , and imino exchange rates measured at elevated exchange catalyst concentrations.
[15]
The magnitude and sign of In general, ΔGDiss for each base pair was far less than the absolute value of ΔG for the heteroduplex formation detected by ITC, indicating that DNA/TNA heteroduplex stability is highly cooperative in nature. The distribution of ΔGDiss values suggest that the opening of single DNA/TNA base pairs is primarily uncorrelated at 20 °C. Enthalpy-entropy compensation, i.e. the variations of ΔHDiss and ΔSDiss that offset one another to allow biologically accessible ΔGDiss values, was observed for single base pairs in the DNA/TNA helix, suggesting that similar processes that underlie RNA duplex melting are involved in TNA-DNA heteroduplex stabilization. Historically, this effect was observed macroscopically across related systems [16] and more recently was described at the single base pair level in a double stranded RNA stem. [14a] In summary, we report an extensive biophysical and thermodynamic characterization of base-pairing interactions between TNA and DNA and RNA. Our results show that despite similar thermal and thermodynamic stabilities TNA strongly favors an A-like helical geometry when base paired with either DNA or RNA. Thermodynamic characterization of single base pair opening events indicates that the enhanced stability of RNA/TNA base pairing over DNA/TNA base pairing is due to asymmetric fraying at the 5′/2′ terminus of the DNA/TNA duplex. This previously uncharacterized effect manifests itself at the macromolecular level through distinct hydrodynamic differences between the DNA/TNA heteroduplex and the DNA homoduplex. We suggest that this phenomenon is likely due to an inability of DNA to fully adapt to the conformational constraints of a rigid TNA backbone. As a result, structural studies of DNA/TNA chimeric duplexes could prove challenging. These data also suggest that in addition to thermodynamic differences in stability between AT-and GC-rich nucleic acid segments, backbone contributions can significantly alter conformational fluctuations in double-stranded nucleic acid breathing.
